Previously we showed that hypocaloric amounts of glucose reduce leucine catabolism while an isocaloric amount of fat does not (1985. J. Clin. Invest. 76:737.) Mmol/100 g per h, P < 0.05). However, all these parameters were significantly lower in lipid-infused than starved rats. There was no significant difference between leucine incorporation into liver and muscle proteins of lipid and glucose-infused rats. On the other hand, starved rats showed a lower leucine incorporation into liver proteins. The data show that under conditions of adequate caloric intake lipid has an inhibitory effect on leucine catabolism but not as great as that of glucose. The mechanism of this difference may be related to a lesser inhibition of muscle protein degradation by lipid than glucose, thereby increasing the leucine pool, which in turn stimulates leucine oxidation.
Introduction
Studies in recent years have suggested a number of key roles for branched-chain amino acids (BCAA)' and their keto acids (BCKA) in health and disease (1) (2) (3) . There is evidence that BCAA metabolism is highly sensitive to nutritional alterations (4-6); for example, several studies have shown that dietary Presented at the Annual Meeting of the American Society for Clinical Investigation, May 1987 , and published in abstract form in 1987. (Clin. Res. 35:578.)
1. Abbreviations used in this paper: BCAA, branched chain amino acids; BCKA, branched chain keto acids. protein content has a profound effect on BCAA catabolism (7) (8) (9) (10) (11) . In contrast, the effect of dietary carbohydrate and fat on BCAA metabolism has not been adequately investigated. In a previous study (11) using patients who needed caloric restriction for treatment of obesity, we investigated the effect of one week of starvation and hypocaloric diets (300 or 500 cal/d) composed entirely of either carbohydrate or fat on whole body rate of BCAA catabolism. We found that brief starvation significantly increased the rate of leucine catabolism. The same occurred with the fat diet. In sharp contrast, the carbohydrate diet significantly reduced the rate of leucine catabolism. Our observation that brief starvation increases leucine oxidation in man has recently been confirmed (12) .
These results prompt the following questions: (a) would the differential effects of carbohydrate and fat persist if their intakes were sufficiently high to meet the total caloric requirement, (b) where in the body does the caloric source influence the catabolism of BCAA, and (c) in view of the intimate relationship between metabolism of BCAA and body proteins, could the effects of carbohydrate and fat on BCAA catabolism be due to their effects on protein metabolism? Since ethical and practical considerations preclude the use of human subjects in these investigations, we have used rats for our present studies. There is evidence that alteration in BCAA metabolism in response to nutritional and metabolic perturbations in the rat is similar to man; for example, starvation and diabetes increase BCAA oxidation in both species (11) (12) (13) (14) (15) (16) . Furthermore, it is well established that both rats and man have a substantial loss of nitrogen during brief starvation (17) .
Oral feeding of a diet composed entirely of fat or carbohydrate may affect intake or absorption of calories. To avoid these potential problems, we administered lipid and glucose by the technique of parenteral nutrition.
Methods
Animalpreparation. Male Sprague-Dawley rats weighing -150 g were obtained from Zivic-Miller Laboratories (Allison Park, PA). To allow acclimatization to the laboratory conditions, they were maintained in individual cages for one week before they were used in the study. During this period they consumed water and laboratory rat chow (Ralston Purina Co., St. Louis, MO) ad lib. At the end ofone week, rats were anesthetized with an injection of 0.25 mg ketamine i.p. (ParkeDavis Co., Morris Plains, NJ) and a silastic catheter (0.02 in. ID; Dow Coming Corp., Midland, MI) was introduced into the superior vena cava through an incision made in the external jugular vein. The catheter was tunneled and exteriorized subcutaneously in the midscapular region through a trocar puncture wound. For protection, the catheter was passed through a flexible spring and the proximal end attached to a flow-through swivel apparatus (Instech Laboratories, Horsham, PA) mounted at the top of the cage. The protective spring was sutured to the rat skin using a stainless steel anchor button and stainless steel sutures. At the end of the surgical procedure, rats received 10 mg each of sodium ampicillin (Wyeth Laboratories, Philadelphia, PA) and gentamicin sulfate (Schering Pharmaceutical Corp., Manati, PR) by an intraperitoneal injection. Rats were then transferred to individual metabolic cages that allowed collection of urine and feces. On the day of the surgery, rats were allowed water and rat chow ad lib. and in addition received half of their daily nutrient requirements by parenteral nutrition (see below). From the day after surgery to the end of the study, rats received all their nutrients parenterally.
Experimental design. At the end of the third day, the parenteral infusion was discontinued and rats were anesthetized with ether. Within 2 to 3 min after stopping the infusion, rats were weighed, and blood was drawn by cardiac puncture. The liver, kidneys, and gastrocnemius muscles were quickly removed. These three tissues were selected for the study because they are the main sites for BCAA metabolism (5 20 -min intervals for determination of "CO2 production rate as described previously (19) . After 240 min ofinfusion, rats were anesthetized with ether and blood was drawn in a heparinized syringe from the inferior vena cava for the determination of leucine specific activity. In addition, samples of liver and gastrocnemius muscle were obtained and immediately frozen in liquid nitrogen for determination of leucine incorporation into protein. We have previously shown that by 180 and 240 min of 1-["C]leucine infusion the specific activity of leucine in plasma and tissues reaches a near constant value, respectively (19) .
Leucine incorporation into proteins. The incorporation of leucine into muscle and liver proteins was measured by a previously described method (20) . In brief, -0.5 g offrozen tissue was homogenized in cold 6% sulfosalicylic acid (1:10, wt/vol) using a ground glass homogenizer. The homogenates were centrifuged at 1,000 g for 10 min in a refrigerated (40C) centrifuge. The supernatant fraction was decanted and stored at -20'C for later analysis ofleucine specific activity. The pellet was washed three times with 5 ml of 5% TCA that contained 10 mM leucine. The supernatant fraction of these washes was discarded. Random analysis of these washes showed that they contained negligible (< 1%) amounts of the initial radioactivity. The washed pellet was solubilized in 2 ml of 2 N NaOH by heating at 80'C for 30 min. From the solubilized protein a 0.2-ml aliquot was taken to measure protein concentration and 0.2-ml aliquots were added to 2 ml of cold 10% TCA to re-precipitate protein. Tissue preparation. For measurement of enzyme activities, liver and kidney were homogenized (1:9, wt/vol) in cold 0.25 M sucrose/10 mM Tris-HCl, pH 7.4, and gastrocnemius muscle in Chappell-Perry medium (22) as previously reported (20) .
Leucine transaminase activity. Leucine transaminase activity was determined according to a previously published method (23) . Briefly, tissue homogenates were incubated with L-1-['4C]leucine (1.0 mM, 1,000 dpm/nmol) to produce '4C02 and a-keto-l-['4C]isocaproate.
After this reaction was complete, a-keto-l-['4C]isocaproate was oxidized with ceric sulfate and '4CO2 collected. The sum of enzymatically and chemically produced 14CO2 represents the rate of transamination.
BCKA dehydrogenase activity. BCKA dehydrogenase activity was determined by measuring the release of 14C02 from a-keto-1-['4C]-isocaproate (0.20 mM, 500 dpm/nmol) incubated with tissue homogenates as described previously (20) . Incubation studies were carried out in 5 ml of previously described buffer (13) . Reactions were initiated by the addition of 0.50 ml tissue homogenate. This amount of tissue homogenate provided 0.38 nmol of a-ketoisocaproate and 4.5 nmol of leucine. These amounts of endogenous substrates are < 0.5% of the exogenously added a-ketoisocaproate (1,000 nmol). To determine the maximal activity of BCKA dehydrogenase, the enzyme was fully activated by incubating tissue homogenates with 5 mM Mg2e for 15 min at 37°C before measurement of activity. We and others (10, 24, 25) have previously shown that this method of activating the enzyme is effective.
Analytical methods. Nitrogen content of urine and feces was determined by a micro Kjeldahl method. Protein concentration in tissues was analyzed by the method of Lowry et al. (26) . Plasma and urinary /3-hydroxybutyrate was determined by an enzymatic method (27) . Plasma insulin concentration was measured by radioimmunoassay. Urinary acylcarnitine excretion was measured by an enzymatic radioisotopic method (28) . Plasma and urinary glucose was determined by the glucose oxidase method (29) . Plasma triglycerides were determined enzymatically (30) . Plasma and tissue concentrations of BCAA were determined by an ion-exchange chromatography technique utilizing an automated amino acid analyzer. Concentration of 3-methylhistidine was measured by high performance liquid chromatography (31 (,umol/100 g per h); and SApj, specific activity of leucine in plasma (dpm/Amol).
Data are presented as mean+SEM. Multiple comparisons among the three groups were made by one-way analysis of variance followed by the Bonferroni t test (34) . The level of significance was set at P < 0.05.
Results
Calorie utilization. Rats that were starved lost 22±3 g of their body weight after 3 d of starvation (P < 0.01). In contrast, there was no significant change in body weight of lipid (-4±2 g) and glucose-infused (-2±3 g) rats.
To assess the efficiency ofcalorie utilization we determined plasma concentration and urinary excretion of glucose and f3-hydroxybutyrate and plasma triglyceride concentration.
These data are summarized in Table I . Plasma concentration and urinary excretion of glucose were similar in starved and lipid-infused rats, but were significantly higher in glucose-infused rats. Plasma concentration and urinary excretion of flhydroxybutyrate were also similar in starved and lipid-infused rats, but were significantly lower in glucose-infused rats. On the other hand, plasma triglyceride concentration was similar in starved and glucose-infused rats, but was significantly higher in lipid-infused rats.
Carnitine is involved in the oxidation of fatty acids and branched-chain amino acids (35) (36) (37) . The oxidation of these substrates results in formation of acylcarnitine, which may be excreted in the urine. We therefore measured the urinary excretion of acylcarnitine (Table I ). The excretion of acylcarnitine was highest in lipid-infused rats, intermediate in starved rats, and lowest in glucose-infused rats.
The above data provided evidence for efficient utilization of glucose and lipid under our experimental conditions. For example, urinary loss of glucose was quite small compared to the amount of glucose infused (-1%) and the lipid-infused rats had the highest rate of acylcarnitine excretion.
In view of the importance of insulin in regulation of substrate metabolism, we measured plasma insulin concentration. Plasma insulin concentration was significantly higher in glucose-infused than either starved or lipid-infused rats (Table I) . There was no significant difference between insulin concentrations in plasma of starved and lipid-infused rats.
Protein metabolism. Initially, we investigated the effect of caloric source on urinary nitrogen excretion (Table I) (Fig. 1) . The nitrogen balance became negative for all three groups, but significantly (P < 0.05) more negative for the starved rats than either lipid; or glucose-infused rats. The nitrogen balance was significantly (P < 0.05) less negative in glucose than in lipid-infused rats. In addition, the data summarized in Fig. 1 also show that for several consecutive days before and during each nutritional treatment rats were in a state of nitrogen equilibrium. It is pertinent to note that because ofincreased mortality in the starved rats the duration of nutritional treatment was limited to 3 d. Not including the starved rats, a preliminary experiment on the effect of a longer period oftreatment on urine nitrogen excretion showed that even after 7 d of treatment nitrogen excretion was still greater in lipid-infused than in glucose-infused rats (data not shown).
To investigate whether differences in protein degradation accounted for differences in nitrogen balance, we measured urinary excretion of 3-methylhistidine (38) and muscle and plasma concentrations of tyrosine (39) . The urinary excretion of 3-methylhistidine (,Mmol/24 h) of starved rats (2.64±0.11, n = 10) was significantly (P < 0.01) greater than that of either lipid-(2. 16±0.09, n = 9) or glucose (1.93±0.1 1, n = 8)-infused rats. However, there was no significant difference in 3-methylhistidine excretion between lipid-and glucose-infused rats.
In contrast, all three groups displayed significant differences in their muscle and plasma concentrations of tyrosine (Fig. 2) . Muscle and plasma concentrations of tyrosine were highest in starved rats and lowest in glucose-infused rats. Muscle and plasma concentrations of tyrosine in lipid-infused rats were significantly (P < 0.05) higher than that of glucose-infused rats, and significantly (P < 0.05) lower than that of starved rats. To investigate whether the differences in plasma concentrations were related to the differences in muscle concentrations we investigated tyrosine concentrations in the liver of the three groups of rats (Fig. 2) . In contrast to muscle and plasma, there was no significant difference between tyrosine concentration in the liver of starved and lipid-infused rats. Protein degradation may be increased to meet the demand for gluconeogenic precursors. Alanine is a key precursor for gluconeogenesis (40) , and its hepatic concentration usually reflects alterations in gluconeogenesis (41, 42) . Therefore, we determined the intracellular concentration of alanine in liver of the three groups of rats (Fig. 3) . Alanine concentration was greater by twofold in liver of glucose-infused rats than either starved or lipid-infused rats. There was no significant difference between alanine concentrations in liver of starved and lipid-infused rats. To determine whether the difference in hepatic alanine concentration reflected a difference in gluconeogenesis, we also measured alanine concentration in gastrocnemius muscle, a nongluconeogenic tissue. In contrast to a pronounced difference in liver, there was no significant difference in alanine concentrations in muscle of the three groups of rats (Fig. 3) . Similarly, plasma alanine concentrations were also not significantly different (Fig. 3) .
BCAA metabolism. Previous studies in man and rats have shown that plasma and tissue concentrations of BCAA are quite sensitive to changes in dietary intake (4, 6) . Therefore, initially we determined plasma and intracellular concentrations of BCAA in liver and skeletal muscle (gastrocnemius). These data are summarized in Fig. 4 < 0.05) higher than those of glucose-infused rats, but significantly (P < 0.05) lower than those of starved rats. Liver, on the other hand, showed no significant difference in BCAA concentrations between lipid-infused and starved rats. However, glucose infusion resulted in significantly (P < 0.05) lower liver BCAA concentrations than lipid infusion. Next, we investigated the effect of caloric source on enzyme activities concerned with leucine catabolism. The first step in leucine catabolism is transamination, and liver, kidney, and muscle, are considered the major sites for leucine transamination (5). Therefore, we measured leucine transaminase activity in these tissues (Table II) . The most pronounced effect of nutritional treatments was on leucine transaminase activity in muscle. The activity was significantly lower in muscle of glu- 17±2* (5) dehydrogenase Kidney 49±3* (6) 48±3* (6) 49±2* (5) Muscle 4.0±0.4* (7) 2.2±0.2* (7) 1.4±0.04 § (7) For nutritional treatment, see legend to Table 1 . Activities of leucine transaminase and BCKA dehydrogenase were determined after 3 d of each nutritional treatment. The data are presented as mean±SEM. Means within a row not sharing a common superscript are significantly different (P < 0.05). The number of rats in each group is shown in parentheses.
cose-infused than either starved or lipid-infused rats. There was no significant difference between the leucine transaminase activity in kidney ofthe three groups. There was also no significant difference between the transaminase activity in liver of starved and lipid-infused rats. However, leucine transaminase activity was significantly lower in liver of glucose than lipidinfused rats. The next step in leucine catabolism is a-decarboxylation of a-ketoisocaproate, which is catalyzed by BCKA dehydrogenase. We therefore, measured BCKA dehydrogenase activity in tissues studied above. Among the tissues studied, muscle displayed major differences among the three groups. BCKA dehydrogenase activity was lowest in muscle of glucose-infused rats and highest in muscle of starved rats. The activity in muscle of lipid-infused rats was significantly (P < 0.05) higher than that of glucose-infused rats but significantly (P < 0.05) lower than that of starved rats. There was no significant difference between activities of BCKA dehydrogenase in kidney of the three groups of rats nor between the activities in liver of starved and lipid-infused rats. However, BCKA dehydrogenase activity was significantly (P < 0.05) lower in liver of glucose than lipid-infused rats.
To investigate the physiological significance of the above observations, we determined the whole body rate of leucine oxidation by the three groups of rats. The steady state specific activities of leucine in plasma of starved, lipid and glucose-infused rats were 227+21, 234±16, and 363±62 dpm/nmol, respectively. Fractional excretion of 14CO2 (%/l00 g) during the infusion of 1-['4C]leucine was highest in starved rats (9.5±0.5, n = 8) and lowest in glucose-infused rats (3.8±0.2, n = 9) and intermediate in lipid-infused rats (7.1±1.6, n = 5). The differences between fractional excretion of 04C02 were each statistically significant (P < 0.05) from the others. These values were used to calculate rates ofleucine oxidation, which are shown in Fig. 5 . The rate of leucine oxidation was highest in starved rats and lowest in glucose-infused rats. The rate of leucine oxidation by lipid-infused rats was significantly (P < 0.05) higher than that of glucose-infused rats, but significantly lower (P < 0.05) than that of starved rats.
Finally, we investigated the other pathway of leucine metabolism, namely leucine incorporation into tissue proteins. These data are shown in Table III . There was no significant difference between leucine incorporation into muscle proteins of the three groups of rats or into liver proteins of lipid and glucose-infused rats. However, leucine incorporation into liver Liver 271±36* (6) 400+55* (5) 416±31$ (6) Muscle 27±3* (6) 26±4* (5) 29±3* (6) For nutritional treatment, see legend to Table I protein of starved rats was significantly (P < 0.05) lower than either lipid or glucose-infused rats.
Discussion
The results of the present study show that both lipid and glucose individually, when given in amounts sufficient to meet the daily caloric need, inhibit catabolism ofBCAA in the body. Among the tissues examined, muscle appears to be the site of this inhibition. For example, lipid infusion had no significant effect on the activity of BCKA dehydrogenase in liver and kidney, but significantly decreased it in muscle (Table II) . The results further show that lipid is not as effective as glucose in inhibition ofwhole body rate ofleucine oxidation (Fig. 5) . The mechanism of this difference in metabolic effect appears to include a greater inhibition of muscle proteolysis by glucose than by lipid. Evidence supporting a difference in muscle proteolysis is suggested by a significant difference in concentration of tyrosine in muscle and plasma. Previous studies have shown that during starvation and protein deprivation changes in plasma tyrosine concentration reflect changes in muscle tyrosine concentration, and moreover, there is no muscle uptake but release of tyrosine during these nutritional alterations (40) (41) (42) (43) . Tyrosine is neither synthesized nor catabolized by muscle (44) , and its intracellular concentration during starvation and protein deprivation is governed by rates of muscle protein synthesis and degradation. Since amino acid incorporation into muscle protein was similar in both groups of rats (Table III) , the twofold greater intracellular tyrosine concentration in muscle of lipid than glucose-infused rats suggests a greater muscle proteolysis. This suggestion receives further support by the observation on intracellular concentration of BCAA in muscle. For example, the concentration ofleucine was twofold greater in muscle of lipid than glucose-infused rats (Fig. 4) . This increase occurred despite lack of any significant difference between leucine incorporation into muscle protein (Table  III) and a greater leucine oxidation in muscle of lipid than glucose-infused rats (Table II) . The suggestion of a difference in muscle proteolysis was not supported by the 3-methylhistidine excretion data since both glucose and lipid-infused rats excreted the same amount of 3-methylhistidine. However, urinary 3-methylhistidine represents breakdown of myofibrillar protein, largely that of skeletal muscle (38) . There is evidence that the rate of turnover as well as susceptibility to change by nutritional alterations are greater for nonmyofibrillar (e.g., myoglobin, enzymes) than myofibrillar proteins in the muscle (45) (46) (47) .
Whether glucose or lipid influences muscle proteolysis directly or indirectly, such as by stimulation of insulin release, cannot be ascertained from the results of the present experiment. The higher plasma insulin level in glucose than in lipidinfused rats (Table I) suggests that insulin may have played a role since insulin is known to inhibit muscle proteolysis (48) . However, in the face of diminished proteolysis, there was no significant difference between plasma insulin levels of starved and lipid-infused rats (Table I) . Therefore, other factors besides insulin are probably involved. There is evidence that both glucose and fatty acids, independent of insulin, influence amino acid metabolism (49) (50) (51) . For example, an acute increase in plasma free fatty acid concentration, without a change in insulin level, was accompanied by decreases in whole body rates of leucine flux and oxidation (51).
The fact that muscle proteolysis and BCKA dehydrogenase activity were both higher in lipid than glucose-infused rats suggests a relation between these two biochemical processes. We and others have previously shown that BCKA dehydrogenase exists in both active (dephosphorylated) and inactive (phosphorylated) forms (52) . Furthermore, a number of metabolic and hormonal factors have been shown to activate BCKA dehydrogenase (6) . Among these factors leucine appears to play a prominent role (6) . Leucine inhibits BCKA dehydrogenase kinase, resulting in activation of BCKA dehydrogenase (53) . In our experiment the greater muscle concentration of leucine could, therefore, account for greater leucine oxidation in lipid than in glucose-infused rats.
Another contribution ofthe present experiment is the finding of nitrogen sparing by exogenous lipid during nitrogen deprivation (Fig. 1) . The failure of previous studies (54), including our own (1 1), to show that ingestion of lipid reduces loss of nitrogen during fasting can be explained by the fact that the amount of lipid given to subjects was not sufficiently large to meet the daily need for energy. The reason included difficulties with consuming a diet that consists entirely of lipid and contains no carbohydrate or protein. These difficulties were circumvented in the present experiment by using the intravenous route for administration of lipid. It is pertinent to note that previous studies have shown maintenance of nitrogen balance during total parenteral nutrition when patients received adequate amounts of amino acids with a large portion of glucose being replaced by lipid (55) .
The sparing of body nitrogen during nitrogen deprivation could be achieved by attenuation of (a) hepatic gluconeogenesis, (b) renal amnioniagenesis, and (c) amino acid oxidation. All these mechanisms appeared to be involved in glucose-induced sparing of body nitrogen. Hepatic gluconeogenesis, as assessed by intracellular hepatic concentration of alanine (Fig.  3) and amino acid oxidation, as assessed by whole body rate of leucine oxidation (Fig. 5) , were both lower in glucose-infused than in starved rats. The enhancement of renal ammoniagenesis during fasting is a consequence of acidosis resulting from ketosis (56) . Since glucose infusion abolished ketosis (Table  II) , it is quite likely that renal ammoniagenesis was also attenuated by glucose. In contrast to glucose, lipid-induced sparing of body nitrogen appeared to involve only one of the above three mechanisms: namely, a reduction in amino acid oxidation (Fig. 5) . Lipid emulsion, such as the one used in the present experiment, contains glycerol. Glycerol is a substrate for gluconeogenesis and may be responsible for the effect of lipid emulsion on nitrogen excretion (57) . However, the amount of glycerol was probably not large enough to account for the nitrogen sparing of the lipid infusion. This impression is supported by similar hepatic intracellular concentrations of alanine (Fig. 3) during lipid infusion and starvation. Since the present study was not designed to identify the fraction of lipid emulsion responsible for protein sparing, additional studies will be needed for a firm conclusion regarding this question.
In conclusion, using a new approach, we have investigated the effect of lipid and glucose infusions on metabolism of body proteins and I3CAA. The results provide new insight into mechanism of nitrogen sparing by caloric sources. It appears that lipid is not as effective as glucose in inhibiting muscle proteolysis. The reason for greater muscle proteolysis includes a greater need for amino acids as substrates for hepatic gluconeogenesis, and renal ammoniagenesis during lipid than glucose infusion. The greater muscle proteolysis also increases BCAA concentration, which activates BCKA dehydrogenase, resulting in increased catabolism of BCAA.
